Purpose: Anti-vascular endothelial growth factor (VEGF) agents have been used for the last 10 years, but their safety profile, including cytotoxicity against various ocular cells such as retinal pigment epithelial (RPE) cells, remains a serious concern. Safety studies of VEGF agents conducted to date have primarily relied on healthy RPE cells. In this study, we assessed the safety of three anti-VEGF agents, namely, ranibizumab, bevacizumab, and aflibercept, on senescent RPE cells. Methods: Senescent human induced pluripotent stem cell-derived RPE cells were generated by continuous replication and confirmed with senescence biomarkers. The viability, proliferation, protein expression, and phagocytosis of the senescent RPE cells were characterized 3 days after anti-VEGF treatment with clinical doses of ranibizumab, bevacizumab, or aflibercept. Results: Clinical doses of ranibizumab, bevacizumab, or aflibercept did not decrease the viability or alter proliferation of senescent RPE cells. In addition, the anti-VEGF agents did not induce additional senescence, impair the protein expression of zonula occludens-1 and RPE65, or reduce the phagocytosis capacity of senescent RPE cells. Conclusions: Clinical dosages of ranibizumab, bevacizumab, or aflibercept do not induce significant cytotoxicity in senescent RPE cells.
space through Bruch's membrane and tends to bleed and leak, ultimately leading to irreversible damage to photoreceptor cells if left untreated. Thus, most of the cases of significant visual loss from AMD occur in patients with the wet form of the disease. The cause and progression of choroidal neovascularization in patients with wet AMD is poorly understood, but vascular endothelial growth factor (VEGF) has been implicated as the most important factor promoting neovascularization [2, 3] .
Senescence of retinal pigment epithelial (RPE) cells has been hypothesized to play a critical role in the pathology of AMD. Chronic inflammation, complement activation, and angiogenesis, which are all involved in the development of AMD, are directly or indirectly associated with RPE cell senescence [4] . Marazita et al. [5] reported that premature senescence of ARPE-19 cells leads to dysregulated expression of VEGF and complement factor H, which are involved in the pathogenesis of AMD. In addition, senescent cells may promote an inf lammatory response [6] . RPE cell senescence is also consistent with the majority of the clinical signs of AMD. For example, liposomal proteolysis is dysfunctional in senescent RPE cells, which may lead to improper processing in the photoreceptor outer segments (POSs) and formation of deposits known as drusen.
Several clinical trials have established the efficacy of anti-VEGF agents for the treatment of wet AMD including ranibizumab [7, 8] , bevacizumab [9, 10] , and af libercept [11, 12] . These anti-VEGF agents provide unprecedented visual benefits for patients with wet AMD; however, their safety remains a concern. Many in vitro studies have reported that ranibizumab, bevacizumab, and aflibercept at clinical dosages have little or no significant cytotoxicity on RPE cells [13] [14] [15] [16] [17] [18] [19] . Moreover, the use of anti-VEGF agents appears to be safe in actual clinical practice. However, some recent clinical studies have reported that intensive and continuous therapy with anti-VEGF agents is associated with an increased incidence of RPE cell atrophy and the lesion size of geographic atrophy [20, 21] .
Previous in vitro studies have primarily relied on healthy RPE cells to evaluate the safety of anti-VEGF agents [13] [14] [15] [16] [17] [18] [19] . However, the RPE cells of patients with wet AMD can be assumed to be in a senescent state, and thus the safety of anti-VEGF agents specifically on senescent RPE cells requires further investigation. To date, there have been no studies on the effects of anti-VEGF agents on senescent RPE cells. Furthermore, it has not been definitively established whether senescent RPE cells are more negatively affected by anti-VEGF agents compared to healthy RPE cells. Therefore, the purpose of the current study was to determine the effects of ranibizumab, bevacizumab, and aflibercept on senescent human RPE cells.
Materials and Methods

Cultures of induced pluripotent stem cell-derived RPE cells
Human induced pluripotent stem cell (hiPSC) lines were obtained from the RIKEN BioResource Center (Ibaraki, Japan) and the American Type Culture Collection (Manassas, VA, USA). Cells were cultured on Matrigel (BD Biosciences, San Diego, CA, USA) in feeder-free conditions. The differentiation of RPE cells from hiPSCs was performed as previously described [22] . Briefly, embryoid bodies were formed and cultured on ultra-low attachment dishes in neural induction medium for 6 days. Embryoid bodies were seeded onto Matrigel-coated plates and cultured in RPE cell medium for 4 weeks. The pigmented clusters were then mechanically dissected and cultured in monolayers.
Cellular senescence of hiPSC-derived RPE cells
A small number of hiPSC-derived RPE cells (1 × 10 2 cells) were seeded onto Matrigel-coated 12-well plates and cultured (passage 0). Shortly after reaching 100% confluency, subculturing was performed using the same number (1 × 10 2 ) of hiPSC-derived RPE cells. Some of the RPE cells remained in the cultivating plates and were used without subsequent subculture (non-passaged cells) for the purpose of comparison with senescent RPE cells. For other RPE cells, subculturing was repeated serially at least 3 or 6 times. In this way, hiPSC-derived RPE cells were forced to undergo replication exhaustion by continuous mitosis (serial passaging of cells) for the purpose of establishing cellular senescence.
Treatments with anti-VEGF agents
Ranibizumab (Lucentis; Genentech, San Francisco, CA, USA), bevacizumab (Avastin, Genentech), and aflibercept (Eylea; Regeneron, Tarrytown, NY, USA) were diluted in culture media to concentrations equivalent to the doses used in clinical practice. The clinical dose was calculated by assuming that the amount of intravitreally injected anti-VEGF agent was diluted equally throughout the 4-mL average volume of human vitreous. Ranibizumab (10 mg/mL), bevacizumab (25 mg/mL), and aflibercept (40 mg/mL) were used at doses of 0.3 mg, 1.25 mg, and 2.0 mg per 4 mL culture medium, respectively. In each experiment, senescent hiP-SC-derived RPE cells were cultivated in culture medium mixed with ranibizumab, bevacizumab, or aflibercept for 72 hours.
Senescence assay
Senescence of hiPSC-derived RPE cells was examined using the senescence-associated β-galactosidase (SA-β-gal) staining kit (Cell Signaling Technology, Beverly, MA, USA) according to the manufacturer's instructions. SA-β-galstained RPE cells were photographed at ×200 magnification. The percentage of SA-β-gal-stained cells was evaluated by quantifying a minimum of 500 cells in 5 randomly selected microscopic fields. The values obtained from at least three independent experiments were averaged and the data are presented as the mean ± standard deviation.
Reverse transcriptase-polymerase chain reaction
Total RNA was prepared from ARPE-19 cells, hiP-SC-derived RPE cells, and adult human RPE tissue using a RNeasy kit (Qiagen, Hilden, Germany) with on-column DNase digestion. Two microgram of total RNA was reverse-transcribed using Superscript III (Invitrogen, Carlsbad, CA, USA). Polymerase chain reaction amplification was performed using specific primer pairs as follows: 
Western blot analysis
Cells were lysed in lysis buffer containing 25 mM TrisHCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 10 mM β-glycerophosphate, 1 mM sodium orthovanadate, 10% glycerol, and protease inhibitors (Roche, Basel, Switzerland). Each protein sample was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes. After blocking, blots were sequentially incubated with a primary antibody and peroxidase-conjugated secondary antibody. Blots were developed by enhanced chemiluminescence reagent (Bio-Rad, Hercules, CA, USA), and the intensity of bands was quantified using Image Lab software (Bio-Rad). The following primary antibodies were used: rabbit anti-p21 (C-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-p27 (F-8; Santa Cruz Biotechnologies), and mouse anti-p53 (DO-1; Santa Cruz Biotechnologies).
4-(3-(4-Iodophenyl)-2(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulfonate assay
The viability of hiPSC-derived RPE cells was evaluated using a 4-(3-(4-iodophenyl)-2(4-nitrophenyl)-2H-5-tetrazolio)-1,3-benzene disulfonate (WST-1) assay (Roche). Senescent hiPSC-derived RPE cells were plated in 96-well microplates at a density of 1.5 × 10 3 cells/well. Senescent RPE cells were treated with aflibercept, ranibizumab, or bevacizumab and then incubated for 72 hours. The WST-1 assay solution was added (10 μL/well), after which the cells were incubated for 2 hours at 37°C and the absorbance was measured at 450 nm using a microplate reader (Model 680, Bio-Rad). All experiments were performed in triplicate. The absorbance values were expressed as a percentage of the controls representing 100% cell viability.
5-Ethynyl-2-deoxyuridine cell proliferation assay
The effects of anti-VEGF agents on cellular proliferation was evaluated by quantification of 5-ethynyl-2-deoxy-uridine (EdU) incorporation into genomic DNA using the Click-iT EdU cell proliferation assay kit (Invitrogen). Briefly, RPE cells were cultured overnight in medium containing EdU at a final concentration of 10 μM. Next, RPE cells were fixed in 4% paraformaldehyde at room temperature, rinsed, and incubated with Click-iT EdU reaction cocktail for 30 minutes in the dark. The RPE cells were then photographed using a fluorescence microscope with an AxioCam camera with Axio Imager software (Zeiss, Oberkochen, Germany). The number of EdU-positive RPE cells was counted in five randomly selected microscopic fields. The percentage of EdU-positive cells was obtained by dividing the number of positive cells by the total number of cells present in the same microscopic fields. Data are presented as the mean ± standard deviation of at least three independent experiments.
Terminal deoxynucleotidyl transferase dUTP nick end labelling assay
Induction of apoptosis in senescent RPE cells treated with anti-VEGF agents for 72 hours was analyzed using an in situ cell death detection kit (Roche) according to the manufacturer's recommended protocol. Senescent RPE cells were fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA). After washing with phosphate-buffered saline, the RPE cells were incubated with the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) reaction mixture for 1 hour at 37°C in the dark. TUNEL-positive RPE cells were calculated as the percentage of total nuclei. Senescent RPE cells treated with 50 μM hydrogen peroxide (H 2 O 2 ) were used as a positive control for the TUNEL assay. Experiments we re repeated three times.
Immunofluorescence of zonula occludens-1 and retinoid isomerohydrolase
Immunof luorescence detection of zonula occludens-1 (ZO-1) and retinoid isomerohydrolase (RPE65) was used to determine whether the anti-VEGF agents altered the expression of mature RPE cell markers. Senescent RPE cells were treated with the aforementioned concentrations of bevacizumab, ranibizumab, or af libercept for 72 hours. Immunofluorescence was performed using antibodies to ZO-1 (Invitrogen) diluted to 1 : 250 and RPE65 (Novus, Littleton, CO, USA) diluted to 1 : 500. Images were obtained with a fluorescence microscope with an AxioCam camera (Zeiss).
POS phagocytosis assay
Phagocytosis assays were performed as previously described [23] . Briefly, POSs were prepared from the retinas of donated human eyes. Senescent RPE cells treated with anti-VEGF agents were incubated with 10 µg POS at 37°C in 5% CO 2 for 6 hours, and were then washed to remove external POS after which the RPE cells were fixed. The cells were then immunostained with mouse monoclonal anti-rhodopsin antibody. Photomicrographs of the total POS uptake were obtained using a fluorescence confocal microscope (LSM5 PASCAL, Zeiss). Internalized POSs were documented in the photographs and the percentage of RPE cells with an internalized POS was calculated. Phagocytosis assays were performed in triplicate.
Statistical analysis
Data are expressed as the mean ± standard deviation. SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. Statistical significance was determined using unpaired t-tests. A value of p < 0.05 was considered statistically significant.
Results
Senescent hiPSC-derived RPE cells
We first generated RPE cells from hiPSCs to investigate the safety of anti-VEGF agents on senescent human RPE cells. The hiPSC-derived RPE cells expressed RPE cell markers as detected by reverse transcriptase-polymerase chain reaction (Fig. 1A) . Additionally, the pigmented cells exhibited a hexagonal monolayer RPE cell phenotype (Fig.  1B) . Senescent RPE cells from hiPSC-derived RPE cells were developed as an in vitro model for this study. Cellular senescence of hiPSC-derived RPE cells was effectively accelerated by continuous mitosis and established after serial passaging (Fig. 1B) . We confirmed cellular senescence based on the significant level of SA-β-gal staining (Fig. 1C) . The percentage of SA-β-gal-positive RPE cells was 81.7 ± 5.77% in serially passaged cells, whereas it was 11.0 ± 3.60% and 24.1 ± 3.66% in passage 0 and non-passaged RPE cells, respectively. We next determined the mRNA expression of RPE cell markers in serially passaged RPE cells. Although some markers (RPE65, pigment epithelium-derived factor, and VEGF) were present at low levels compared to those in passage 0 or non-passaged RPE cells, all RPE cell markers were expressed (Fig. 1D) . Other biomarkers of senescence including p21, p27, and p53 were also significantly expressed in serially passaged RPE cells compared to passage 0 or non-passaged RPE cells (Fig. 1E) . Therefore, serial passaging of RPE cells was considered to be a reliable method for generating senescent RPE cells.
Cytotoxicity of anti-VEGF agents
Induction of apoptosis in senescent RPE cells treated with clinical concentrations of ranibizumab, bevacizumab, or aflibercept was determined by the TUNEL assay ( Fig. 2A) . A positive TUNEL reaction was not observed in senescent RPE cells treated with any of the three anti-VEGF agents, whereas many TUNEL-positive cells were present in H 2 O 2 -treated RPE cells, which served as a positive control (Fig. 2B) . Similarly, the WST-1 assay showed that treatment with ranibizumab, bevacizumab, or aflibercept did not result in any significant cytotoxicity in senescent RPE cells (p > 0.05) (Fig. 2C) . As expected, the viability of senescent RPE Pigmentation is one of the characteristics of RPE cells, and there was no significant change in pigmentation of senescent RPE cells after treatment with ranibizumab, bevacizumab or aflibercept. On the other hand, H 2 O 2 treatment significantly reduced the pigmentation of senescent RPE cells (Fig. 2D) .
Effect of anti-VEGF agents on proliferation of senescent RPE cells
To investigate the effects of anti-VEGF agents on senescent RPE cell proliferation, we performed cell proliferation assays using the EdU reagent. The percentage of EdU-positive RPE cells was determined by counting the total number of RPE cells and EdU-positive RPE cells in selected areas. There were no significant differences in the percentage of EdU-positive RPE cells between naïve senescent RPE cells and senescent RPE cells treated with anti-VEGF agents (Fig. 3A) . Among senescent RPE cells, the basal percentage of EdU-positive cells was 0.18 ± 0.03%, which was not significantly different after treatment with ranibizumab, bevacizumab, and aflibercept, with associated percentages of EdU-positive cells of 0.19 ± 0.04%, 0.15 ± 0.02%, and 0.23 ± 0.03%, respectively (all comparisons, p > 0.05) (Fig. 3B) . To determine whether any of the anti-VEGF agents were capable of accelerating cellular senescence, SA-β-gal staining of senescent RPE cells was assessed after incubation of the cells with ranibizumab, bevacizumab, or aflibercept for 72 hours. None of the anti-VEGF agents significantly changed the number of SA-β-gal-positive RPE cells (Fig.  4A) . We found that 81.2 ± 5.44% of the senescent RPE cells stained positively for SA-β-gal. The percentages of SA-β-gal-positive RPE cells were not significantly different after treatment with the anti-VEGF agents ranibizumab, bevacizumab, and aflibercept were 78.8 ± 7.08%, 83.7 ± 5.78%, and 76.2 ± 6.45%, respectively (all comparisons, p > 0.05) (Fig. 4B) .
Immunofluorescence of tight junction proteins and RPE65
We next evaluated the effects of anti-VEGF agents on the expression of ZO-1, a tight junction protein, in senescent RPE cells. In a similar manner, we also evaluated the None of the anti-VEGF agents ranibizumab, bevacizumab, and aflibercept had a negative effect on ZO-1 expression (Fig. 5A) . Similarly, RPE65 staining was noted in senescent RPE cells, and treatment of the senescent RPE cells with ranibizumab, bevacizumab, or aflibercept did not have significant negative effects on its expression (Fig. 5B) . Western blot analysis also showed that the expression of ZO-1 or RPE65 was not different among senescent RPE cells treated with any of the anti-VEGF agents (Fig. 5C ).
Effect of anti-VEGF agents on phagocytosis in senescent RPE cells
Senescent RPE cells treated with ranibizumab, bevacizumab, or aflibercept did not show decreased phagocytosis of rhodopsin compared to naïve senescent RPE cells (Fig.  6A) . The percentages of cells positive for intracellular rhodopsin were 58.2 ± 5.12% in naïve senescent RPE cells, 
Discussion
In the present study, we used senescent RPE cells rather than the more commonly utilized healthy RPE cells to investigate the safety of three different anti-VEGF agents. The majority of patients with wet AMD have senescent RPE cells rather than young and healthy RPE cells. Thus, we considered our approach to be significant and unique compared to previous studies designed to assess the safety of anti-VEGF agents, which did not account for the differences between healthy and senescent RPE cells. Our data showed that clinically relevant doses of ranibizumab, bevacizumab, or aflibercept had no deleterious effects on senescent RPE cell viability, as demonstrated by the results of TUNEL, WST-1, and cell proliferation assays. In addition, none of the anti-VEGF agent treatments led to exacerbation of RPE cell senescence. Furthermore, neither RPE phagocytosis nor expression of the proteins ZO-1 or RPE65 were impaired by ranibizumab, bevacizumab, or aflibercept.
The induction of premature cellular senescence can be increased by chronic exposure to cellular stresses such as oxidative stress, DNA damaging agents, or activation of certain oncogenes [24] . Senescence is characterized by changes in cellular morphology, increased SA-β-gal activity, decreased replicative capacity, increased expression of p53, p21, p16, and p27, and accumulation of transcriptionally inactive heterochromatin [25] . In this study, cellular senescence of hiPSC-derived RPE cells was generated by replication exhaustion during continuous cell proliferation. In this process, a small amount of hiPSC-derived RPE cells were transferred to new culture dishes on the first subculture to allow RPE cells to undergo continuous mitosis. The same process was repeated during subsequent subculturing. It is well known that during mitosis, telomeres become shortened because the end of the lagging strand of the chromosome cannot be fully replicated [26] . Although this loss is partly or fully restored by the telomerase enzyme, the resulting damage is thought to be a major biological trigger for senescence [27] . hiPSC-derived RPE cells reportedly undergo rapid telomere shortening and chromosomal damage, along with increased p21 expression [28] . These factors may cause rapid senescence, because hiP-SC-derived RPE cells are forced into continuous mitosis. In our study, hiPSC-derived RPE cells undergoing continuous mitosis were strongly positive for SA-β-gal activity. In addition, other biomarkers of senescence were expressed, including p53 and the cyclin-dependent kinase inhibitors p16, p21, and p27. Based on these results, we concluded that a state of premature cellular senescence was fully established by our approach of serial passaging.
We observed no change in cell viability after exposing senescent RPE cells to clinical doses of bevacizumab, ranibizumab, or aflibercept for 72 hours. These results were similar to the findings of previous studies using healthy RPE cells to assess cell viability after drug exposure, which reported no significant differences in cell viability using different concentrations of anti-VEGF agents [13] [14] [15] [16] 18, 19] . Malik et al. [13] reported the safety of anti-VEGF agents on ARPE-19 cells by assessing cell viability after treatment with ranibizumab, bevacizumab, aflibercept, or ziv-aflibercept. While our results were obtained using clinical doses, previous studies have shown that higher concentrations (10 fold greater than the clinical dose) of bevacizumab, aflibercept, or ziv-aflibercept, but not ranibizumab, significantly decrease ARPE-19 cell viability. Saenz-deViteri et al. [18] also reported that different doses of ranibizumab, bevacizumab, or aflibercept do not decrease the viability of ARPE-19 cells, although studies by others have reported that bevacizumab at higher concentrations decreases RPE cell viability [19] .
There have been some concerns about VEGF depletion toxicity. Using a murine model, Ford et al. [29] reported that systemic VEGF neutralization by bevacizumab leads to transient RPE degenerative change such as vacuolization and detachment from POSs. Kurihara et al. [30] reported that the choriocapillaris rapidly disappears following RPE-specific deletion of the Veg fa gene in adult mice, leading to the death of cone photoreceptors. With respect to long-term clinical usage of anti-VEGF agents, there have also been several controversial reports on the high incidence of retinal geographic atrophy by RPE damage and photoreceptor cell death [21, 31] .
With respect to phagocytosis, our results showed that senescent RPE cells treated with anti-VEGF agents had very slightly diminished phagocytosis capacity, but also that there was no statistically significant difference in overall phagocytic function between naïve senescent RPE cells and anti-VEGF agent-treated cells. It is not certain whether the anti-VEGF agents affected the phagocytic activity of senescent RPE cells or whether the 72-hour treatment of anti-VEGF agents was too short to identify any deleterious effects on RPE cell function. Notably, a study using a clinical dose of aflibercept in primary porcine RPE cells reported a decrease in phagocytic capacity of RPE cells but without evidence of cytotoxicity [17] . Further investigations will be needed to evaluate this discrepancy, because even small changes in the phagocytic capacity of RPE cells may lead to long-term adverse effects on photoreceptors and RPE cells. Large clinical trials have already reported that atrophy of the RPE is enhanced after treatment with bevacizumab or ranibizumab for two years, which may be especially exacerbated by ranibizumab [20, 21] .
There were some limitations in our study. First, it will be necessary in the future to clarify whether in situ RPE cell senescence truly occurs in patients with AMD, which was an assumption made by this study. Secondly, the characteristics of hiPSC-derived RPE cells are distinct from those of actual human RPE cells. Whether the replicative senescence model used in our study represents the natural aging of RPE cell in AMD was another limitation of our study. Lastly, our results were obtained using in vitro experiments, which cannot be directly compared to in vivo studies, and will require validation in future in vivo or clinical studies.
In conclusion, our in vitro study showed that ranibizumab, bevacizumab, and aflibercept at clinically relevant concentrations did not induce significant cytotoxicity in senescent RPE cells. Based on these findings, we inferred that intravitreal injection of ranibizumab, bevacizumab, or aflibercept is unlikely to cause significant damage to senescent RPE cells, although RPE cells in patients with wet AMD may be compromised by aging or the disease itself. Thus, additional studies are needed to evaluate the effects of anti-VEGF agents on senescent RPE cells with repeated doses and long-term treatments.
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